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Holographic data storage 3 



Optimized read-out in holographic data storage 
Abstract 

Holographic data storage (HPS) has the potential to obtain large storage densities, feist parallel 
access, rapid searches in large databases and data encryption. In this invention disclosure a method 
5 |s proposed to gain about a factor 2 in read-out power and signal strength tor a transmitted and semi- 
reflective (phase-conjugate) HDS system. About a factor 2 and about a factor 4 are gained in the 
read-out power and the signal strength during readout of a holographic data storage medium, when 
the invention Is implemented in a full-reflective holographic system, respectively. 



10 State of the art and problem 

A 50/50 beam splitter is used in HDS systems to split the laser beam in a reference beam (or 
reference wave) along a first optical path and a data (or signal) beam (or signal wave) along a second 
optical path. 

ip some systems the reference beam used during recording is used as read-out beam during readout 
15 (see Figure 1), while in other systems for example a phase conjugated reference beam (wave) is 
used as readout beam (see Figure 2). other examples are presented fn the descriptions of the 
figures. 

Sometimes the first optical path for the reference beam is referred to as reference branch. 

During readout the 50/50 beamsplitter Is also used tor creating the readout beam out of the laser 
20 beam. As a consequence half of the laser light is not used during read-out of the medium (Figure 1- 



A polarizing beam splitter (PBS) is used instead of the 50/50 beam splitter (tor examples see Figure 4 
25 to Figure 9) to split the laser beam in a reference beam and a data (or signal) beam. The polarization 
of linear polarized light from the laser, e>g, p-polarized light, is rotated 45° by rotating the half-wave 
plate (Opiate) under &n angle of 22,5 ° relative to the optical axis of the crystal. The PPS splits the 
45* rotated linear polarized beam into a p-polarized data (or signal) beam and an s-polarfzed 
reference beam. In the reference beam a second }*Ji-plate is positioned in an orientation. With a 
30 predetermined orientation of this second V&-plate the ^-polarized reference beam can be transform 
during the recording phase into a p-po!arized beam. The data beam is encoded with a data encoder 
(for instance a two dimensional spatial light modulator) into an encoded data beam. As both encoded 
data beam and reference beam have the same polarization they can create an interference pattern in 
an overlapping area at the medium. 

35 During read-out the 2&fc-p!ate ts rotated bade to its optimal position (45 Q relative to the optical axis of 
the crystal) and converts the p-polarized laser light into s-polarized light All the s-polarized light 
passes through the PBS increasing the power of the readout beam during read-out with a lector 2 and 
the signal strength with a factor 2 or 4. 



Figure 3), 



Solution 
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CLAIM: 



A holographic data storage device fbr recording In and/or reading out data from a holographic 
data storage medium, said device comprising a light^ource a polarizing beamsplitter^ splittmg i a 
laseroeam into a reference beam aiong a first optical path and a data beam along a second optical 
pafoVa rotatable first half-wava plate between said light source and said polarizing beamsplitter and a 
End haSave plate in an orientation In said first optical path of the reference beam between said 
polarizing beamsplitter and said medium. 




Leas 



Figure 1. Example of a prior ast txaasmissive holographic read-out system based on 
angular multiplexing. 
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Figure J. A fyll reflective holographic read-out system based on phase-coded 
multiplexing. 
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Figure 4. Proposed embodiment implemented in a prior art transmisspve holographic 
recording system based on angular multiplexing. P-polarized laser tight is converted 
into circular polarised tight using a rotating template and split with a PBS in a $- 
5 polarized referei\ce wave and a p-polarized signal yvaye. The s-polarized reference wave 

is converted into a p-polarized wave with a H^ptate in a predetermined orientation in 
the reference branch. 
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J. Proposed embodiment implemented in a prior art transmissive holographic read- 
out system based on angular multiplexing. P-polarized laser light is converted mto s- 
polarized light using a rotating '/Opiate. All the s-polarized light is transmuted through 
the PBS into the-.reference branch and converted to a p-polarized wave with a 'M-plote 
in a predetermined orientation in the reference branch. The power in the reference 
branch and die signal strength is increased with a factor 2. 
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Figure 6. Proposed embodiment implemented in a prior art phase-conjugate (semi- 
reflective) holographic recording system based on angular multiplexing* P-polarized 
laser light is converted to circular polarized light using a rotating *AKplate and split 
5 with a PBS in a s-polarized reference wave and a p-polarized signal wave. The $- 

polarized reference wave is converted to a p-polarized wave with a template in a 
predetermined orientation in the reference branch. 
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Figure 7. Proposed embodiment implemented in a prior art phase-conjugate (semi- 
reflective) holographic read-out system based on angular multiplexing. P-polarized 
laser light is converted into s-polarized light using a rotating Opiate. 4tt the s- 
5 polarized light is transmitted through the P£S into the reference branch and converted 

back into s-polarized Jfgfa With two Vzlrplates (each of the templates in a predetermined 
orientation) in the phase-coiyugate reference branch. The power in the phase-conjugate 
reference branch and the signal strength is increased with a factor 2. 
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Figure 8. Proposed embodiment implemented in a prior art full reflective holographic 
recording system based on phase-coded multiplexing. P-polarized laser light is 
converted into circular polarized light using a rotating 'AA-plate and split with a PBS in 
a s-polarized reference wave and a p-polarized signal wave. The s-polarized reference 
wave is converted to a p-polarized wave with a 'AA-plate (in a predetermined 
orientation) in the reference branch. 
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Figure P. Proposed embodiment implemented in a prior artJuU reflective holographic 
read-out system based on phase-coded multiplexing. P-polarized laser light is converted 
into s-polarized light using a rotating 'AA-ptate. All the s-poknized light is reflected by 
the PB$ into the reference branch and converted into p-pofarized light with a 'Ah-plate 
(in a predetermined orientation) in the reference branch The power in the phase- 
conjugate reference branch is increased with a factor 2 and the signal strength increases 
with a factor 4 due to the reflection of 100% of the backwards-reconstructed signal wave 
by the PBS. 
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Alignment method for a holographic storage system 



5 Introduction 

One of the major issues in holographic data storage systems is the alignment 
sensitivity of the holographic storage medium with respect to the pixelated detector 
(e.g. a two-dimensional detector array) 
To clarify the point the reader is referred to the figure below. 

m 

I 




We have a holographic storage medium 10 were the recorded data Is organized in 
pages, which is being read out by impinging a readout laser beam 11 on it at a 

15 particular angle. As a result of diffraction upon a grating inscribed/recorded In the 
medium (recorded datapages), some of the intensity of the readout laserbeam 1 1 is 
diffracted (and alternatively guided by means of a lenssystem 12) towards a 
pixelated detector 13 (the recorded data page is imaged as imaged data page on the 
pixelated detector). There are many degrees of freedom in the system (at least 6 for 

20 the medium alone), and some of them are indicated in the figure. The key issue in 
retrieving reliable data with such a system is also determined by mutual alignment 
errors between an imaged data page and a pixelated detector as represented by the 
following parameters: 

1) Magnification: the magnification of the lenssystem should be such that every 

25 resulting bit in the imaged hologram should impinge on one pixel of the 
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plxelated detector. Methods have been proposed by others to "overea^f °' 
i.e. using for instance 4 detector-pixels per bit stored in the medium, but this 
leads to an over-dimensioned detector anray. and hence higher cost, and size. 

2) Focus: The imaged bits should be foeussed upon the pixelated detector, in 
5 order to obtain the highest correlation between bits and readout of the 

detector pixels. ^ . . ... . . 

3) Rotation: Rotational degrees of freedom are to be avoided since this would 
lead to an angular misalignment between the pixalated detector and the 
imaged bits. 

io 4) Translation: Translation errors are also to be avoided, since if the imaged 

bits falls in between the spacing of the pixalated detector, the readout signals 
are degraded and ambiguity arises to which pixel a certain bit belongs and 
hence data readout errors occur. 
Problem 

15 Methods to find a solution to these issues are being sought into tight mechanical 
tolerances, the oversampling mentioned above, and in the use of alignment marks. 

The latter solution is comparable to methods used in alignment for wafersteppers. At 
strategic positions on the medium one places alignment marks in the form of for 
20 Instance crosses, or series of bars, and in the aligning procedure one translates and 
rotates in every degree of freedom to find the alignment mark and hence derives the 
correct settings. 

The major disadvantage of using this procedure is that it takes up space in the 
25 medium and hence lowers the attainable capacity. Furthermore, it is a time 
consuming activity, which in worst case has to be performed for every recorded 
datapage in the book in the medium. Also, in case of coarse misalignment. It will be 
difficult to find the correct settings, within a reasonable time. 



30 



Solution and some embodiments 



We propose to use the Moire effect for alignment of for example the medium in the 
system with respect to its pixelated detector array, by using the beating between the 

35 imaged data page period and orientation on the one hand and the pixelated detector 
array on the other. ^ . 

The generated alignment error signals, due to mutual alignment errors of the imaged 
data page and the pixilated detector array, can be used for alignment purposes in 
the device (this can also include the medium). 

40 Considerthe figure below in which we describe the layout of a typical pixelated 
detector array 1 , containing detector-elements having an area A arranged in rows 2 
and columns 3. At the intersection, the optical sensitive detector sub-area As 4 is 
depicted, which usually Is less than the area of the detector-element The ratio of the 
sub-area As over the area A called the fill-factor, which for state-of the art systems 

45 can be even below 50%. 
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SSrSSy^ data Pattem array ** shouId * with 

\^ S tf a ™9 nif i ca «™ error the resulting Moire-pattern will resemble the situation 
n the figure bBlcw: on the feft the matching between the two a may patents is 
moomp etc due to a difference in size (magnification) and hanoZmlSSfa 
modulation (Moire-pattern) is clearly visible. In the station orrme right hind side 
tfie array periods are matched, and effectively the period of tf» momS > of th* " 

Sa^ 
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In a more 



detailed vjew the figure below shows a similar effect 



10 



15 




We have now pos^edtne ^--''iT^'S? 
horizontal sizes am, in the case «J^*J»^J & taX£«onaf the output of an 
databit and detector pi^. the grev J horizontal modulation 

b^d^n^rn^ss^srcLn «** 

fringes). ; 

degree including magnification mismatch is shown. 
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The usual randomness of the data in the imaged data page can be filtered out by 
analyzing the output of the detector array in the low-frequency domain and filtering 
out the high frequertcy components of the individual sequences of databits. See 
figure below, which Ishows the image after blurring. 




Perfect magni 
direction are infinite. V< 
highest output over thi 
periodic Molne-pattem 
adjusting for optimum 



ton coirectpon is obtained whenever the periods in horizontal and vertical 
lea) and horizontal directions are optimized by subsequently tuning for 
complete area of the detector array. Tuning for only vertical and horizontal 
compensates rotation' Focus can for example also be found using by 
-itrast (or high frequency components) In the detector output 



The proposed method can be used for alignment of the medium in the system, but it 
«s also possible to Use it for example for the alignment of the imaged data page or 
the pixilated detector array. 
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A holographic data Wage device for reading from and/or recording data ipages ,vn a 
holographic data storage medium, said device compnsing a pixilated detector array 
for reading out an irfiage of a data page, said device using a Mo.re pattern te^en 
the image of a data page and the pixelated detector array to generate an alignment 
error signal representing an alignment error between said image of a date page and 
said pixilated detector array, said alignment error signal being used for alignment 
purposes in said device. 
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Method to compensate the misalignment in holographic systems 



Problem description 

One of the major issues in holographic data storage systems Is the alignment 
sensitivity of the hotographic storage medium with respect to the pixelated detector 
array (e.g. a two-dirjiensional detector array). 
To clarify the point 1jhe reader Is referred to the figure below. 

We have a holographic storage 
medium 10 were the recorded data is 
organized in pages] which is being 
read out by impinging a readout laser 
beam 1 1 on it at a (particular angle. As 
a result of diffraction upon a grating 
inscribed/recorded jn the medium 
(recorded datapages), some of the 
intensity of the reaqout laserbeam 1 1 
is diffracted (and alternatively guided 
by means of a lenssystem 12) 
towards a plxelateq detector 13 (the 
recorded data page is imaged as 
imaged data page <pn the pixelated 




12 



13 



detector). There are many degrees of freedom in the system (at least 6 for the 
medium alone), an£ some of them are indicated in the figure. The key issue in 
retrieving reliable djata with such a system is also determined by mutual alignment 
errors between an (maged data page and a pixelated detector as represented by the 
following parameters: 

5) Magnification: the magnification of the lenssystem should be such that every 
resulting bit n the imaged hologram should impinge on one pixel of the 
pixelated detector. Methods have been proposed by others to "oversample", 
i.e. using fori Instance 4 detector-pixels per bit stored in the medium* but this 
leads to an over-dimensioned detector array, and hence higher cosi and size. 
Focus: Thelimaged bits should be focussed upon the pixelated detector, in 
order to obtain the highest correlation between bits and readout of the 
detector pixels. 

Rotation: Rotational degrees of freedom are to be avoided since this would 
lead to an ajigular misalignment between the pixalated detector and the 
imaged bitsj 

Translation- Translation errors are also to be avoided, since if the imaged 
bits falls In between the spacing of the pixalated detector, the readout signals 
are degraded and ambiguity arises to which pixel a certain bit belongs and 
hence data readout errors occur. 



6) 



7) 



8) 



One obvious solution is to introduce mechanical displacement devices like voice-coil 
actuators, piezo-acftuator to compensate for (as example) translatjonal and rotational 
mismatch. Such systems have the drawback that they are non-robust and usually 
take up a lot of sps ice; furthermore the costs are significant. 
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Proposed solution 

We propose to introduce an optical lens-system capable of compensating for 
translations and magnification mismatch, for instance based on the electro-wetting 
principle. However, this could also be a conventional lens system or an IC-based 
device. 

Building upon previous disclosures on the application of electro-wetting devices (like 
WO 031069380 A1 for focusing lens and European Patent Application 02079473.1 
for the zoom functicln), it can be shown that these lens?systems can be constructed 
resulting in a very compact, low-cost system, ideally suitable for small holographic 
drives. 
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Magnification errors 

It has been shown in the work on fluid-focus imagesensors that a compact zoomlens 
system can be constructed suitable for imaging an object onto a CCD or CMOS 
sensor. The current maximum zoomfactor that can be achieved lies in the range of 
2-3, values we will ijisually not need in adjusting the mismatch we have discussed 
above. Typical magnification mismatch can arise due to for example changes in 
temperature (which! can change for example the size of the medium), or due to 
tolerances occurring the manufacturing of the media. Preferably a 1 to 1 pixel data- 
bit match has to belreached in order to have a successful low-error rate data read- 
out. | 
i 

As a second advantage of using a zoomlens capable of obtaining a factor up to 2 or 
3 is that a drive using a zoomlens of this type could be made backwards compatible 
from the start if one! defines the next generations of datapages in the media having 
the same aspect ratio. For instance suppose a first generation of the holographic 
data storage systems is launched as a 1000X1000 bits square per data-page and a 
next generation system is defined as being a 1500x1500 system, because the 
detector technology has progressed to such an extend that it is economically 
feasible to introduce such detectors in the new system. Data-pages recorded on a 
medium In a first generation system can now be imaged onto the new detector in 
that next generation drive by adjusting the zoom-factor in such a way that again a 
one to one bit-pixel match is achieved; one is now able to read-out data-pages 
recorded using this first generation system as well as those from that next 
generation, be It that one uses only part of the detector array while reading out data- 
pages recorded in k medium of the first generation. 

Apart from compatibility, even within a generation the use of a zoom-function is 

3SS@flti3l ! 

Detector technology progresses quite quickly, and what is now considered state of 
the art in pixel-pitch for instance 10 micrometer, may quickly evolve into a pitch offer 
instance 5-6 micrometer. When one still wants to read out the datapages with drives 
using either one of these detectors, it is required that a zoom-function is present. 
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Introducing, for example, wedge-shaped electrowettings device as described in 
European Patent Application 02080060.3 can readily compensate translation^ 
errors. 



on the storage-med 
such a described la 



10 



For reference we hf ve sketched below an example of a diagram of the system 
described above, wrth a readout beam (here labeled as reference beam) impinging 
urn, resulting in an image being formed and transformed through 
nssystem on a detector-array. 




Lens system 
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CLAIMS: 



1 . A holographic 
holographic date 
array for reading 
compensating a 
imaged data 



data storage device for reading from and/or recording data in a 
storage medium, the device comprising a pbcelated detector 
out imaged data and an optical system that is adjustable for 
ignment errors between said pixelated detector array and said 



2. A holographic 
system comprises 



10 3. A holographi 

system comprises 
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data storage device according to claim 1 were the optical 
an electro-wetting based device. 



data storage device according to claim 1 were the optical 
a liquid-crystal based device. 
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